The standard dental formula for mandibular teeth in sheep and other bovids is i 0/ 3, c 0/1, p 3/3, m 3/3 (Cowan 1940; Hansen 1980) . This complete set of permanent teeth is obtained in wild sheep at 44-48 months (Cowan 1940; Hemming 1969) . Deviations from this standard formula were observed by Cowan (1940) and were the subject of detailed analyses by Bradley and Allred (1966) , who inspected the skulls of 490 desert bighorn sheep (Ovis canadensis nelsoni and O. c. mexicana) . These authors found a high percentage of mandibles where the 1st cheek tooth (p2) was not developed. Prevalence of oligodonty was as high as 34% for female O. c. nelsoni from Nevada's Desert Game Range and 20% for male O. c. mexicana from Arizona. Bradley and Allred (1966) assumed that this anomaly reflected an evolutionary trend and recommended further studies. Speculation on evolutionary trend was supported by observations on other mammals. Primitive mammals (Eutheria) were characterized by 11 mandibular teeth with * Correspondent: manfred.hoefs@gov.yk.ca the formula i 3, c 1, p 4, m 3. In the course of evolution, this original set has undergone a reduction, the magnitude of which has varied among families and genera. Examples of reduced tooth numbers have been reported for canids, felids, mustelids (Spitter and Jansen 1985) , and ungulates (Kratochvil 1986) . In a review of this anomaly, Boessneck (1955) pointed out that domesticated mammals (e.g., dogs, pigs, and cattle) were affected to a greater degree than wild mammals because the intensive artificial selection to which they were exposed seemed to accelerate this trend.
Although general agreement exists on sheep evolution and taxonomy at the species level (Shackleton 1997; Valdez 1982) and molecular studies in recent decades have confirmed earlier taxonomy based on morphology and distribution, classification at the subspecific level remains contentious (Shackleton 1997; Valdez 1982) . I hypothesized that prevalence and distribution of mandibular oligodonty in wild sheep may be useful as a tool to assess evolutionary status and aid in solving of taxonomic ques- tions. However, this potential use may be restricted to populations where anthropogenic influences have been limited because of possible effects of habitat fragmentation, reintroductions, enhancements, and prolonged culling of superior rams on natural evolutionary processes and the concomitant changes in genetic composition.
An opportunity presented itself to investigate prevalence of mandibular oligodonty in wild sheep and to assess its relevance to sheep taxonomy and evolutionary theory when large samples of Ovis mandibles became available from the Yukon Wildlife Branch and from inspections of collections, covering most subspecies of wild sheep.
MATERIALS AND METHODS
I inspected Ovis mandibles in museum collections in various universities, wildlife agencies, and national parks in North America and Europe to determine the prevalence of mandibular oligodonty (see footnote in Table 1 ). This assessment of 3,359 specimens included most subspecies of wild sheep. Additionally, I inspected mandibles of 1,028 domestic sheep, covering various breeds. Data on hunter-killed trophies of Dall's (O. dalli dalli) and Stone's (O. d. stonei) rams (n ϭ 831) were available from the Yukon Wildlife Branch, supplemented by information from a long-term study of Dall's sheep in Kluane National Park, Canada, which allowed a sex-specific assessment of this anomaly (n ϭ 82). Only mandibles of sheep Ͼ4 years old were included in my analyses because permament dentition is in place at that age (Cowan 1940; Hemming 1969) . Age was based on horn-ring counts if horns were available (Geist 1966) , or tooth replacement (Cowan 1940; Hemming 1969) if only mandibles were available. I used the classification of the wild sheep of the world as proposed by Valdez (1982) and Bunch et al. (1999) in the allocation of mandibles to various taxa.
To estimate reduction of the molar surface brought about by oligodonty, lengths of the molar tooth rows and total mandibles of 70 normal jaws and 37 affected jaws were measured. To reduce variation, all jaws were from hunterkilled rams Ͼ7 years old, because Cowan (1940) indicated that skeletal growth was completed at 6 years of age. t-Tests (Siegel and Castellan 1988) were used to compare length of molar tooth rows of normal and affected mandibles, and chi-square tests (Siegel and Castellan 1988) were used to determine if oligodonty influenced prevalence of lumpy jaw, based on 1,176 mandibles of hunter-killed rams from Yukon's Coast and Ruby Ranges. A P-value of Ͻ0.05 was considered significant. In this inspection of 5,300 mandibles, oligodonty was limited to the 2nd premolar. No evidence of polydonty was found. Two studies indicated that females may be more susceptible to this anomaly than males. Bradley and Allred (1966) reported a 9.4% prevalence in O. c. nelsoni rams (n ϭ 191) compared with 33.9% in females (n ϭ 111). M. Hoefs (in litt.) found that 39% of female Dall's sheep (n ϭ 33) in Kluane National Park were affected compared with 31% of the rams (n ϭ 43).
RESULTS
To estimate reduction in the masticating molar surface of affected sheep, 107 mandibles of hunter-killed Dall's rams from Yukon's Coast Mountains were measured. A reduction (P Ͼ 0.001) occurred in the length of the molar tooth rows of affected mandibles from 80.04 mm Ϯ 2.81 SD (n ϭ 70) to 75.51 Ϯ 2.60 mm (n ϭ 37), whereas the total lengths of the mandibles did not vary (P ϭ 0.5461) between normal (207.48 Ϯ 5.74 mm, n ϭ 67) and affected mandibles (208.21 Ϯ 5.69 mm, n ϭ 35). Hunter-killed Dall's rams (n ϭ 1,176) from Yukon's Coast and Ruby ranges that were affected by mandibular oligodonty (n ϭ 349) had a lower prevalence of lumpy jaw (30%) than did rams with a complete set of cheek teeth (n ϭ 827, 37%, P ϭ 0.02).
DISCUSSION
Sheep are a product of the ice age, a phenomenon of the past 2 million years, during which about 20 glacial advances occurred (Geist 1971) . Wild sheep apparently evolved in central Asia from an ancestor that may have resembled present-day primitive caprids such as the aoudad (Ammotragus) or the bharral (Pseudois). From this center of origin, sheep spread, eventually colonizing most suitable mountain ranges in the northern hemisphere. At times of glacial recession, they were able to colonize newly exposed habitats. At times of glacial advance, sheep distributions shrank and subpopulations were cut off and became isolated. Initially, primitive sheep coinhabited much of their range with true goats (Capra), but later they split into 2 distinct groups: 1 remained in contact with goats, the other became isolated, most likely during the Illinoian (Riss) glaciation. Korobitsyna et al. (1974) summarized evolution and dispersal of the New World sheep as follows. Early pachyceriform sheep evolved their distinctive characteristics in the ice-free Beringia refugium, probably during the course of the Riss-Illinionian glacial period. Pachyceriform sheep then migrated south when glaciers blocking that route melted, and where they differentiated into modern O. canadensis after isolation during the Wurm-Wisconsin glaciation. Isolation of pachyceriform sheep in eastern Siberia from those in Alaska, probably in the Eemian-Sangamon interglacial, but possibly as late as the Holocene (10,000 years ago) led to the differentiation of these 2 populations, whose modern descendants are Siberian snow sheep and North America's Dall's sheep, respectively.
An association exists between sheep evolution and speciation and prevalence of mandibular oligodonty, with the more recently derived types exhibiting this anomaly to a greater degree. As a group, sheep of the subgenus Pachyceros are more recent in origin than Old World sheep. Sheep of the subgenus Pachyceros have a higher prevalence of oligodonty, and among them, snow sheep (the most recently derived karyotype) has the highest prevalence. Among the Old World sheep, the urial is considered the most primitive. It has a very low prevalence of this anomaly. Argalis and mouflons are considered more advanced, and mandibular oligodonty is more prevalent. Domestic sheep have a rate of 4.3%, supporting the claim by Boessneck (1955) that intensive artificial selection accelerates this trend.
Attempts to show a similar relationship at the subspecific levels were limited by small samples (Table 1 ) and taxonomic uncertainties. For instance, Valdez (1982) recognized 10 subspecies in the urial-mouflon groups and 5 in the argalis, whereas Shackleton (1997) listed 12 subspecies in the urial-mouflon groups and 8 in the argalis. Cowan (1940) recognized 6 subspecies in the bighorn sheep. A reevaluation of this classification using mtDNA analyses by Ramey (1995) concluded that 4 of these 6 subspecies (O. c. nelsoni, mexicana, cremnobates, and weemsii) should be recognized as a single polytypic species.
My analyses of mandibles of hunterkilled Dall's rams from the Yukon pointed to differences at the population level. Northern and central Yukon were part of the Beringia refugium. Sheep populations inhabiting this area can be expected to be old, at least 13,000 years and perhaps Ͼ100,000 years (Geist 1985) . Southern Yukon, on the other hand, was covered by ice during the Wisconsin glaciation. Its mountain ranges were colonized by sheep since glacial retreat, Ͻ12,000-13,000 years ago. Therefore, sheep populations occupying these areas are more recent in origin. This difference is reflected in the prevalence of oligodonty, with refugium sheep having a rate of 22% (n ϭ 250) and recent populations a rate of 33% (n ϭ 663). My study supports assumptions by investigators of other mammalian taxa (Kratochvil 1986; Spitter and Jansen 1985) that an evolutionary trend exists toward oligodonty.
What may be the selective advantage of this trend? A priori one should assume that the surface area of the molar tooth row is important to a ruminant, and any reduction of its size would be a handicap that would be selected against. However, my analysis of this question revealed that this reduction is small. Like other anomalies, oligodonty arises through mutations and will persist if its effect is neutral. However, in certain Pachyceros sheep, prevalence of oligodonty has reached a magnitude that cannot be explained by the usually low mutation rates, implying a selective advantage of affected animals. I can only speculate on the mechanisms involved, but linkage to some other as yet unknown desirable trait is a possibility.
Information from hunter-killed Dall's rams in the Yukon (Barichello et al. 1989; M. Hoefs, in litt.) indicates that 1 advantage in reducing number of cheek teeth, and thereby number of spaces between them, is perhaps a reduction in susceptibility to lumpy jaw. A recent review (Hoefs and Bunch, in press) revealed that this problem is widespread in wild sheep, particularly in the thinhorn sheep. This disease has been assumed to be precipitated by coarse forage items, wood particles, or mineral material becoming wedged and compacted between adjacent cheek teeth, causing trauma to the gingiva and peridontia. Trauma is followed by an invasion of pathogens, eventually resulting in loosened, displaced, or lost teeth and focal osteonecrosis of the mandible, with or without fistulation (Glaze et al. 1982) . This disease has been assumed to affect vigor and reproductive competitiveness of affected sheep (Hoefs and Bunch, in press) and to lower their life expectancy (Allred and Bradley 1965; Murie 1944) .
I have investigated the possibility of mandibular oligodonty affecting susceptibility to lumpy jaw in Dall's sheep. Based on a large sample (n ϭ 1,176), a significant difference was found in prevalence of lumpy jaw between rams with oligodonty and those with a full set of cheek teeth. Oligodonty seems to lower susceptibility to this disease.
I speculate that mandibular oligodonty has potential to be used as an indicator of evolutionary status and as an additional tool to solve taxonomic questions, under the assumption that populations compared are pristine and evolutionary processes, and concomitant genetic changes shaping them, are not impacted by anthropogenic influences. In this context, snow sheep of Siberia would be an ideal species to focus on, with a population size of about 100,000, occupying a huge area with a variety of habitat types and a range of climatic conditions in formerly glaciated and unglaciated areas. Correspondingly, the sheep populations can be expected to be in different stages of development. This most advanced karyotype in Ovis has an average prevalence of oligodonty of 60.3%, and this evolutionary trend of reducing the number of cheek teeth possibly has been completed in certain populations. Disagreement exists on snow sheep taxonomy, with as few as 2 (Valdez 1982) and as many as 6 (Zheleznow-Chukotsky 1994) subspecies being proposed. On the other hand, in North America, evolutionary relationships and taxonomy of the desert sheep remain a contentious topic (Cowan 1940; Ramey 1995) . However, oligodonty is doubtful to be of any aid here because we are dealing with an artificial situation and no longer with pristine conditions. These sheep have been reduced to a fraction of their former numbers; most populations are small, fragmented, and often isolated. Anthropogenic manipulations such as reintroductions, enhancements, and prolonged culling of superior rams also can be expected to have changed evolutionary processes and genetic composition. Use of oligodonty as an indicator of evolutionary status would be inappropriate and misleading.
